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Abstract: To displace fossil fuels and achieve the global greenhouse-gas emissions reductions required
to meet the Paris Agreement on climate change, the prevalent argument is that a mix of different
low-carbon energy sources will need to be deployed. Here we seek to challenge that viewpoint.
We argue that a completely decarbonized, energy-rich and sustainable future could be achieved
with a dominant deployment of next-generation nuclear fission and associated technologies for
synthesizing liquid fuels and recycling waste. By contrast, non-dispatchable energy sources like
wind and solar energy are arguably superfluous, other than for niche applications, and run the
risk of diverting resources away from viable and holistic solutions. For instance, the pairing of
variable renewables with natural-gas backup fails to address many of the entrenched problems
we seek to solve. Our conclusion is that, given the urgent time frame and massive extent of
the energy-replacement challenge, half-measures that distract from or stymie effective policy and
infrastructure investment should be avoided.
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1. Introduction
It is perceived wisdom that the world’s future energy supply must come from a diverse mix
of sources. In particular, supply from a mix of electricity generation sources is a key component
of the “Energy Trilemma Index” [1]. This need for a “future energy mix” is a fundamental and
essentially unchallenged axiom (or at least an unstated assumption) for energy experts [2,3], politicians,
environmental advocacy groups, integrated assessment modellers [4] and authoritative organizations
such as the Energy Information Administration [5], the International Energy Agency [6] and the
Intergovernmental Panel on Climate Change [7]. Energy-supply scenarios produced by these groups are of
two general types: “no climate policy” scenarios (often but inaccurately, referred to as “business-as-usual”;
BAU) and “stabilization” (greenhouse-gas emissions mitigation) pathways, with the latter invariably
comprised of a mix of energy technologies.
Scenario development typically begins with a projection of overall energy growth under the
assumption of no new policies beyond those already implemented, based on population and
economic forecasts, coupled with estimates of future technology changes (e.g., [8]), cast forward
20–100 years. Then mitigation scenarios are spun off from this by assuming various mitigation policies
are implemented over coming decades, often optimizing the choice of policies on the basis of cost
effectiveness. The scenarios are partitioned in some way among energy sources (fossil, nuclear and
renewable) and the effects of changes in end-use efficiency and conservation measures. The actual
proportions represented by these three broad classes of energy supply and demand management
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depends on the objectives of the modelling but some measure of economic, environmental, scientific
and socio-political considerations inevitably exert an influence on the character and assumptions of
the exercise and thus on the outcome.
Depending on how the modellers weight these factors, the range of possible modelling
assumptions and options is almost infinite [9,10]. Some scenarios (e.g., [11–14]) define arbitrary
mitigation “wedges” based on a cursory evaluation of the feasibility of their technical, economic and
logistic underpinnings [15] and often ignoring the fact that a substantial fraction of the suggested
wedge technologies is likely to be implemented spontaneously, even in the absence of policies [10].
Others more rigorously attempt to weigh a multitude of limiting factors, such as past experience,
technological maturity and development pathways, current and projected costs including associated
financial risks, fuel availability and security, material use, generation reliability, dispatchability, current
political policies and so on [3,4,16,17]. A problem with this “mechanistic” approach, however, is that,
historically, forecasts of this kind have usually born little resemblance to what actually eventuated over
subsequent decades [15,18,19]. In their recently published papers, Jacobson et al. [20,21] and others [22]
argue that the entire energy demand of the United States, including transport, heat and electricity,
can be supplied entirely by intermittent renewable energy sources (principally wind, solar and hydro).
However, their arguments have faced strong criticism by a number of energy researchers [23–25] in
regard to their assumptions and modelling methods.
The scenarios used by authoritative bodies like the International Energy Agency and Energy
Information Administration tend to be quite conservative, projecting only gradual and incremental
changes in energy sources. In particular, the forecast global energy pie in coming decades continues
to have large slices of coal, oil and gas. In addition, they often have an ambitious outlook for new
fossil-fuel technologies (such as carbon-capture-and sequestration) when stabilization scenarios are
modelled but with only small portions of nuclear and hydro and growing but persistently minor
roles for wind, solar and other non-hydro renewables. The time course of deviations from the current
energy mix in these stabilization scenarios is tortuously slow, which is surprising given the urgency
of mitigating the rise in global temperature and its consequences [22]. In short, the forecasts of these
energy agencies could certainly never be characterized as visions of the possibly radical and wholesale
transformation in our energy systems that many think will be necessary to reduce the probability of
dangerous anthropogenic interference (DAI) with the climate system to acceptable levels [26].
Yet, given the combination of “wicked problems” [27] that must be faced and conquered
by humanity this century, including global climate change, ocean acidification, biodiversity loss
and provision of adequate necessities for a human population that will soon approach 10 billion,
a business-as-usual or conservatively incremental mitigation approach may well not be a viable or
acceptable socio-political strategy. Indeed, if we continue to rely on fossil fuels for energy and fail
to practice stewardship of the Earth System, many of the incredible advances and benefits won by
modern civilization over the last few centuries may be severely degraded or lost. A future energy
system that delivers substantial and timely mitigation of carbon and other greenhouse-gas emissions,
while providing abundant energy for human development, is essential [28,29].
2. Alternative Energy Mixes and the “Silver Buckshot”
But how do we achieve the emissions reductions required to avoid DAI? (Or as Prins and Rayner
put it, “fire the ‘silver buckshot’”; [30]) Or is there a silver bullet after all? In this and the following
sections, we argue that balanced and diverse “energy mixes” are probably unnecessary, or at least
suboptimal, and that a completely decarbonized, energy-rich and sustainable future could be achieved
through the timely deployment of next-generation nuclear energy and associated technologies for
synfuel production and materials recycling alone. We acknowledge that this proposition is a radical
one but the time for subtleties has long passed. What global society now needs is a workable and
holistic “prescription for the planet” [31].
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The most widely discussed pathways for an alternative energy future involve the massively
expanded deployment of a wide range of “renewable” technologies, including harnessing the energy
in wind, sunlight, ocean waves and tides, as well as more traditional (and dispatchable—electricity
generation sources that can be generated at any time at the request of electricity network operators or
demand) hydropower and biomass combustion. Most advocates of these energy technologies shun
any use of nuclear power [13,32–34] and the majority of those who acknowledge its role view it as
simply (a small) part of the low-carbon energy jigsaw puzzle [35]. Some argue that an all-out pursuit
of a diverse mix of systems that harness sunlight, wind, waves and plant life at continental scales,
combined with vast improvements in energy efficiency and energy conservation for both production
and consumption sides and cheap energy storage, are “the answer” for global decarbonization. In some
published scenarios, arbitrary allocations of wind, water and sunlight are accumulated to reach a
total target energy supply [11–13]. In other modelled futures, attempts are made to balance electricity
demand with supply at all times, using gas (bio or fossil), hydro, stored heat and dispersed “supergrids”
to try to cover shortfalls [16,36–39].
Given these ideas, what is stopping nations from following through with these visions to
replace coal, oil and gas infrastructure with renewable energy? It is probably not because of any
strong, society-wide opposition to a switch to renewables, but, rather, a combination of economic
uncertainty, the undeniably diffuse and intermittent nature of the energy sources themselves,
technological immaturity and prudent financial risk management [3,40,41]. A key factor, therefore, is
that economically harnessing renewable energy such that it provides a reliable, dispatch-on-demand
power supply, still faces many technical challenges [15,17,41–43], not the least of which include the
laws of physics, in terms of energy density.
The highly diffuse nature of all the energy sources described above means that they require
the exploitation of extensive geographical areas to capture large amounts of energy. In some
favourable locations like Australia (with high solar insolation and low population density), this
is not, in itself, a major problem. For other countries, like Japan, South Korea or most European
nations with high population density, however, this presents a severe constraint [44]. Transmission
requirements also present problems arising from cost of transmission lines and power losses over long
distances [45]. Another difficulty is that the technosolar energy sources are inherently variable and
intermittent—sometimes they deliver a lot of power and sometimes little or none, for short or extended
periods [24,45,46]. This means that to satisfy the needs of an “always on” power demand, even with a
multi-source interconnected distributed network, ways must be found to store vast amounts of heat
or electricity to cover the non-generating periods [47], or else keep fossil-fuel or nuclear plants as a
backup [17,45,48]. It is in the local-to-transnational scaling up process that technical difficulties, costs
and time-scales amplify [18].
The problem of short-term intermittency (days to a week) for individual households (or a
local area) can be solved by improving energy storage systems (e.g., battery banks like the Tesla
Powerwall; [49–51]) and establishing proper economic mechanisms to encourage deployment [52].
However, for a country level in places such as the United Kingdom, where the seasonal energy
demand between winter (4.5 TWh day−1) and summer (1.5 TWh day−1) varies significantly [53],
the current capacity (technical, economic and volumetric) of energy storage dictates that it cannot play
an important role in reducing seasonal peak demand: as such, gas will remain as a major source of
peak electricity supply and heat [54].
Usually, scenarios that include a large-scale expansion of renewable energy also assume a
massive increase in the efficiency of energy consumption and fossil-fuel-derived production, leading to
substantially lower demand profiles than present systems [4,37,55]. The desirability of becoming more
efficient at how we generate and use energy is self-evident. Yet, in the broader context, to envisage that
the global human enterprise will use less energy per capita in the future through the overwhelming
success of end-use efficiencies, is contrary to the ongoing 21st-century trend of rapid economic
development in non-OECD countries and in the context of a still energy-starved developing world,
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largely irrelevant [18,19]. A few studies have shown that economic growth will increase energy
demand, or vice versa, with the history of energy use being characterized by the quest for ever cheaper
sources that provide higher and higher “power densities” [41]. We need to work with, not against,
these realities and seek to deliver these aspirations in an environmentally sustainable way.
Indeed, recent peer-reviewed critiques of the future global role of renewable energy [22,24,41,43]
provide exhaustive details on the constraints imposed by variability, dispatchability, large-scale
energy storage, the need for overbuilding and geographical replication (and the likely consequence:
“dumping” of unused excess energy), low energy returned on energy invested and other key points.
There are also recent meta-reviews that consider technological maturity, fit-for-service replacement
capacity, cost and life-cycle emissions, as constraints on renewables capacity to displace fossil
fuels [7,41,56]. The stark conclusion from these studies is that renewables alone will never be able to
solve the greenhouse problem. Ironically, empirical studies found that a policy attempt at expanding
renewables might not even reduce coal-based electricity and embedded greenhouse-gas emissions
(e.g., [57]). Ultimately, as the urgency of climate change mitigation mounts and as requirements
for sustainable growth in developing economies and the replacement of aging infrastructure in the
developed world come to the fore, pragmatic decisions on the economic and logistical viability of
all types of non-fossil technologies will have to be made rationally and with consideration to their
respective benefits and limitations [58].
3. Integral Fast Reactors—An Exemplar “Silver Bullet” Clean-Energy Technology
An exemplar of the idea of an energy “silver bullet” (a single energy source that could
potentially meet all of civilization’s needs), as opposed to the “silver buckshot” discussed above,
is fourth-generation nuclear energy. It has all of the crucial attributions required of a clean-energy
“techno-fix”, in that: (i) it offers the feasible prospect of a “plug in” replacement for coal- and gas-fired
electricity; (ii) its process heat or excess electrical output can be used for synfuel manufacture and
other industrial applications to replace oil; and (iii) this next generation of nuclear power systems
avoids many of the real and perceived problems of current-generation reactor technology [31,58–61].
But is there not a danger of “putting all of our (energy) eggs in one basket”? Certainly, the path to
an energy future that is dominated by advanced nuclear fission would have to overcome some major
challenges and solve the most significant problems and perceptions of nuclear power systems in use
today. The legacy of long-lived “nuclear waste” is one of the first objections to nuclear power that
one hears in any public discussion [62]. Safety is likewise prominent, especially in the wake of the
Fukushima crisis of 2011. Concerns regarding weapons proliferation risk, construction times and cost
and the assurance of a fuel supply that will last into the future, are also frequently expressed [2,48].
These apprehensions are not new. Indeed, a group of scientists at the U.S. Argonne National
Laboratory West (now Idaho National Laboratory) considered these same issues in the early 1980s and
reasoned that if the world was to have any hope of continued and increasing utilization of the energy
locked in the atom, all of these problem areas would have to be addressed and solutions to all of them
would have to be found. No stone was to be left unturned, no loose ends left for others to deal with in
the future [61]. The result of this decade-long project at America’s premier nuclear research centre was
the Integral Fast Reactor (IFR) that solves virtually all the serious problems of nuclear power [61,63].
Just as the final stage of the project was to be demonstrated, however, it was cut short by a purely
political decision that eliminated the funding and shut down the program [31,61,64].
In response, in 2001, nine nations formed the Generation IV International Forum to develop
sustainable, economic, safe, reliable, proliferation resistant and physically protected nuclear
reactors [65]. Founding countries of the Generation IV International Forum (GIF) include Argentina,
Brazil, Canada, France, Japan, the Republic of Korea, the Republic of South Africa, the United Kingdom
and the United States. Subsequently, Switzerland in 2002, Euratom in 2003, the People’s Republic of
China and the Russian Federation in 2006 and Australia in 2016 signed the GIF Charter to become
member countries.
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The IFR is a development of existing Generation IV reactor systems and experiments in France,
Russia and Japan that improves the reactor technology, which links the fast reactor to on-site
reprocessing and fuel fabrication components (hence “integral”). It is an elegant solution to the
world’s energy problems and is a system that has been proven capable of eventually providing not just a
slice of the energy pie but the whole pie [60,66]. The IFR can utilize nuclear waste and weapons-grade
plutonium and uranium for fuel. A fleet of IFRs could consume both the spent nuclear fuel and the
vast inventories of depleted uranium that have resulted from over half a century of nuclear power
and weapons programs, for electricity and heat production. The IFR is ultimately capable of using
over 99% of the potential energy in uranium and plutonium, via repeated recycling of the used fuel,
which means that the existing material that we already have at our disposal could supply all the
energy humanity is expected to require for many centuries [67] and more potential IFR fuel will be
produced until the point when conventional thermal reactors are no longer used. The IFR achieves
this via electrometallurgical pyroprocessing, in which the actinides in spent nuclear fuel are recycled
without the need for further mining or enrichment of uranium [61].
Compared with the complicated and relatively expensive fuel fabrication processes for current-day
reactors (i.e., generation II and III nuclear reactors) [67], the revolutionary pyroprocessing system used
to recycle IFR fuel (and convert used ceramic oxide fuel from light-water reactors), along with the
injection-casting method for manufacturing metal-fuel pins that are held within the cladding using
a liquid-sodium bond, is remarkably simple, with a small-footprint fuel recycling and fabrication
facility to service a plant hosting (e.g.,) four PRISM reactor modules [68]. During the decades-long
IFR project, over 30,000 fuel pins were recycled for the EBR-II fast reactor [63]. Further, because
pyroprocessing never isolates any actinide elements or isotopes capable of being used in weapons
systems, the technology is inherently proliferation-resistant: indeed, at every stage of the fuel cycle,
the fuel is too radioactively “hot” to handle. (In other words, additional [and extremely technically
challenging] chemical re-processing using specialized radioactive-protected facilities would still be
required to potentially purify IFR material sufficiently for use as weapons-grade fissile actinides).
However, this ultimately has little to do with defending the objectives of this paper, because centralized
pyroprocessing/fuel fabrication facilities could be established in Nuclear Weapon States that would
cater to the needs of all others by supplying them with nuclear fuel as individual items, i.e., ready fuel
elements, or fuel assemblies [69].
The safety of nuclear power plants is one of the foremost expressed concerns of anti-nuclear
groups. Following the 2011 Great East Japan Earthquake, four reactors at the Fukushima Daiichi
nuclear power plant were damaged, with three cores suffering a meltdown. However, no fatalities
directly related to radiation exposure of the accident were reported [70], and the potential future health
effects due to the radiation exposure is forecast to remain negligible [71]. The inherent safety features of
the IFR prevent any Fukushima-like accident from loss of cooling occurring. The passive safety features
of this design allow for shutting the nuclear reactor down without external power sources or human
intervention, as demonstrated in a landmark set of tests in 1986 [72]. Although sodium-cooled fast
reactors raised public concerns of a sodium reaction with air leading to a potential fire [73], there are
other types of Generation IV reactor that avoid such incidents; including lead and lead-bismuth cooled
reactors, liquid salt cooled reactors and thermal- or even fast-spectrum molten-salt reactors [65].
The objection that nuclear power plants take too long to build and are far too expensive does not
hold up to logic if one considers well-known principles of engineering and systems fabrication. For one
thing, General Electric’s Advanced Boiling Water Reactors (ABWRs) have recently demonstrated that
modern nuclear power systems can be built both economically and quickly. The first two ABWRs
were built in Japan in the 1990s, taking 36 and 39 months to build, even though complex first-of-a-kind
systems usually take longer to build than subsequent copies. Studies relying on limited and outdated
data from the US and France, which mainly built reactors before 1990, concluded that the construction
costs of nuclear power have dramatically increased (e.g., [74,75]). However, a recent study that
overviewed the construction costs of 349 nuclear power plants argues that the countries currently
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building nuclear reactors actively are experiencing stabilized costs (at around US$2000 per kWe
(2010 dollars) in India) or reducing construction costs (US$4000 to 2000 per kWe in South Korea) due
to standardized designs and appropriate regulations [76].
In contrast to these recent light-water-reactor projects, the General Electric-Hitachi PRISM
(Power Reactor Innovative Small Module)—the blueprint of a commercial design for an IFR reactor—is an
entirely modular system, with components that can be mass-produced in factories and trucked or shipped
to the power plant site [77]. The diameter of the reactor vessel of the PRISM IFR (nameplate capacity
of 311 MWe, though capable of 380 MWe) is about 10 m, compared with ~6 m for a large wind turbine
with a nameplate capacity of 3 MWe [78]. The simplicity of the IFR design—due in no small part to
the fact that it operates at atmospheric pressure—leads it to require far fewer pumps, valves and other
control systems than any other nuclear plants in use or under construction today. In such manufacturing,
simplified systems with fewer parts that are capable of utilizing mass-production end up costing less [79].
First-of-a-kind commercial PRISM (and similar) reactors are expected to be >15% (maximum 55%) more
expensive compared with subsequent reactors [80]. Deploying the Generation III+ reactors designed with
the enhanced safety systems could reduce the uncertainty and risk to the first buyers by demonstrating
the maturity of passive safety systems.
How might the IFR scale up as a “silver bullet”? This can most certainly be done at a far faster
rate than France converted their country to nuclear generation, considering that they evinced no
great sense of urgency and were building far more complex, non-modular systems. France was
able to shift from approximately <20–80% nuclear electricity in just 11 years [58] and Sweden had
similar success with a mix of nuclear and hydro [81,82]. For another comparison, being a simple
and replicable design, the factory production of IFR PRISMs would be of comparable complexity to
building heavy bombers during World War II. In 1944–1945, the United States alone built 22,915 heavy
and superfortress bombers, without the aid of automated welding technology and other robotics [83].
About 7700 × 311 MWe PRISMs would be required to produce as much electricity as the entire world
produced from all sources in 2012. (See Supplementary Information for a more detailed analysis on
the IFR deployment rate required to meet the Paris Agreement climate targets.) When it comes to both
rapid mass production and cost reduction, a critical advantage of fast reactors is that they operate at
or very near atmospheric pressure, thus avoiding the industrial bottleneck of having to build robust
pressure vessels, while having the advantage of the inherent safety of low-pressure operation. When
these advantages are combined with small modular design, it portends a transformative future for
nuclear power that opens the door for virtually any developed country to switch to nuclear power
as its primary power source in less than a decade. Political will, not safety or economics, will be the
limiting factor.
For total electricity replacement with the IFR, however, we would need a generating capacity
(currently met primarily by today’s fossil fuel plants) that is capable of meeting not only baseload
requirements but also peak demand. The IFR, because of its potential load-following capability, can
provide both. Then, once all today’s fossil fuel generating capacity is converted to IFRs, we would
have a system capable of meeting all facets of demand based on a technology that is able to operate
constantly at full power (unlike variable renewables) and for which the fuel is essentially free—for
centuries. Given that peak demand is typically two to three times greater than average demand
(depending on location, season, industrial versus residential use, etc.), IFR technology can produce
what is essentially “free” excess energy, which could be used to produce hydrogen either via electrolysis
or, more efficiently, via direct heat in catalytic reactions [84]. Mixed with carbon dioxide (captured and
stored from burning fossil fuels, or absorbed from the atmosphere [85]) or nitrogen, that hydrogen
can be used to fabricate virtually any of the liquid fuels we use today, including gasoline and jet
fuel, butanol, methanol, ammonia, etc. [86,87] or more exotic energy-storage media based on refined
metals [31,88]. Advanced energy storage integrated with IFRs will provide greater flexibility of the
reactor operation and higher energy efficiency that can replace the use of “backup” open-cycle gas
generation entirely [89].
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In addition, we could deploy desalination projects [90] on a hitherto unimagined scale (and the
necessary pipeline and canal systems to get the water to where it would be needed). This capability is
an important co-benefit of IFR technology, vital for providing domestic and agricultural water needs
for a world expected to house billions more people by mid-century [91,92]. The Ras Al-Khair plant,
which is operated in Saudi Arabia, has a production capacity of 2400 MWe of electricity from gas and
1 million m3 of desalinated water a day [93,94]. Excess energy can also power plasma-arc torches to
transform solid waste streams into syngas and other products for efficient recycling of virtually any
waste materials [31,95].
What role would the “buckshot” of solar and wind power technologies play in such a “silver
bullet” IFR-dominated future? For impassioned advocates of those systems, the inconvenient truth is
that, beyond niche roles, they would be merely expensive redundancies, for all the energy humanity
demands could readily be met by advanced nuclear power. We can be certain that the opposite dynamic
will not apply—wind and solar will not make nuclear or fossil fuels redundant [96]. It is misleading to
talk about wind or solar with utility-scale “backup” when, operating at capacity factors of 15–35%,
they produce far less usable energy than the natural gas, hydro, coal, nuclear or biofuels that are used
to cover for them.
Those who oppose a major role for nuclear in a low-carbon energy future often complain about
the opportunity cost against non-hydro renewables when nations choose to invest in nuclear power
plants [34]. This position, as we can see, is as inverted as their use of the term “backup”. In fact,
society arguably loses out when money is allocated to wind and solar projects, considering that those
funds could instead be used to build IFRs that operate constantly with high reliability, are able to
supply all the energy we want without emitting any carbon dioxide or other pollutants and, in the
process, make wind and solar installations as obsolete as fossil fuels. This is an inconvenient energy
truth and possibly one reason why advocates of renewables are often so zealous in their antagonism
toward nuclear power. The transition to an IFR world would, furthermore, eliminate the need for the
development of inefficient and costly battery storage.
4. Unconventional Fossil Future?
There is another scenario that many policy experts, technologists and economists think is plausible:
a modification (but not replacement) of the “business-as-usual” fossil-fuel-dominated energy portfolio.
This is a future where not only are huge quantities of coal still burned for baseload electricity but also
where oil-dominated industries such as transportation, agriculture and many industrial processes
are projected to switch to a reliance on natural gas, driven by low-cost methane that shoulders
out supposedly more expensive nuclear and renewable alternatives [97]. In these scenarios, most
of the new gas comes from “unconventional” sources such as fractured shales, coal-bed methane,
tight sands, and, more speculatively, underground gasified coal and ocean hydrates. The potential
resources are undeniably enormous [6], if they can be tapped economically and (more importantly) if
environmental concerns are subordinated. Over the last decade, new technology has allowed cheaper
and more efficient extraction of “fracked gas,” leading to a glut in supply, low prices and speculation
of “centuries” of extractable resources [98]—enough to permit a gradual and measured transition
to eventual fossil-fuel-free “alternatives”. Gas, it is argued, is a clean burning and “low-carbon”
fuel [99,100] and, if tight CO2-emission controls are needed, then carbon-capture-and-sequestration
(CCS) technology can be scaled up to reduce carbon footprints even further [101]. While gas is a
low-CO2 emitting fuel relative to coal, as explained further below, it is not necessarily a climate-friendly
fuel, because there will always be leakage of methane (a much more powerful greenhouse-gas than
CO2) at different stages of the production-to-use cycle and because the attendant reduction in SO2
emissions will lead to additional warming [102].
From a certain limited perspective, the reasoning seems sound. Gas-fired power plants are
cheap to build and while the fuel is abundant, they are also relatively cost-effective to operate.
Open-cycle gas turbines are ideal for load following, combined-cycle gas plants are efficient baseload
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electricity providers and liquefied natural gas is a useable substitute for many refined petroleum
products [98,99,101]. Further, the investment risk for new gas-fired power plants is low, since the
public is relatively indifferent to their construction and they can be built quickly. The technology for
CCS has been demonstrated at small scales, such as in enhanced-oil-recovery operations and analysis
suggests that its additional cost could be supported by a carbon price of about $50 per ton of CO2
emitted [41]. Given these realities and the current political and economic landscape that has allowed
huge multinational oil and gas companies to exert a massive influence on energy decision making [31],
it would seem that a massive expansion of new nuclear power, as outlined in the previous section,
is implausible.
But how secure are these “realities” in the medium- to long-term? Some facts, like the low capital
cost and operational flexibility of gas-fired power plants and current political favouritism, are beyond
dispute. Others are not so certain [103]. For instance, although the gas production rates from fracking
are high initially, data from longer-term operations suggests that the decline rates are much faster than
in conventional wells [104,105]. This has potentially serious economic implications for any energy
system predicated on high gas use and will ultimately dictate what reserves end up being tapped and
what resources stay in the ground (and for how long). The claim of “centuries of supply” relies heavily
on the ongoing cost competitiveness of methane supply being greater than the upfront capital costs of
alternatives like new nuclear, with its forever-miniscule fuel costs [67].
The climate-change arguments against a gas-dominated energy future are arguably even more
limiting. When burned in a flexible mix of combined-cycle baseload gas and open-cycle peaking plants,
the greenhouse gas emission of methane fuel is ~450 kg CO2e/kWh [41]. When one also accounts for the
reduction in sulphate aerosol dimming caused by switching away from coal combustion [102], and the
leakage of methane (a more powerful, albeit shorter-lived climate-forcing agent than carbon dioxide)
across the whole production and transportation cycle, the value of natural gas for substantial abatement
of greenhouse-gas-induced radiative forcing is dubious at best [106]. For instance, Wigley used
MAGICC simulations (Model for the Assessment of Greenhouse-gas Induced Climate Change; [107])
to show that, under a scenario of a 50% reduction in coal and a corresponding increase in natural gas
use, global warming by the year 2100 would be reduced by only 0.1 ◦C if leakage were kept to 2%,
or about 0.2 ◦C with no leaks. In a high methane-leakage-rate scenario of 10%, warming would not be
reduced until 2140—far too late to avoid major disruptions to the climate system. A similar result was
found in a modelling study by Myhrvold and Caldeira [108].
5. More Silver Bullets
While IFR technology, as described above, is perfectly capable of providing all the energy
humanity needs for centuries, there is another nuclear technology that was developed and
demonstrated at Oak Ridge National Laboratory in the USA in the 1960s. This is the molten salt
reactor (MSR), in which fissile material is dissolved in molten salt, with no solid fuel assemblies.
Like the IFR, this project was unceremoniously shelved after being successfully demonstrated but
the concept has been resurrected in recent years and, now, several start-ups are seeking to deploy
this technology. Its high operating temperature (~700 ◦C versus ~500–550 ◦C for IFRs or 350 ◦C for
currently-deployed water reactors) promises greater efficiency and manifold possibilities for industrial
process heat, or replacement of coal burners at coal-fired power plants. While the high temperature,
corrosion potential of molten salt and embrittlement issues caused by neutron bombardment present
demanding materials challenges, there are MSR concepts that very plausibly address these issues,
with projected costs that promise to be even cheaper than IFRs (e.g., thorconpower.com). And, like
IFRs, these modular reactors operate at atmospheric pressure so that they can be mass produced in
great numbers.
When the IFR project was abruptly terminated as earlier described, it was in the final stage of
designing and demonstrating the pyroprocessing fuel recycling technology at commercial scale [61].
That design project languished until 2013, when Argonne National Laboratory resumed it with a
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broader objective: not only would the commercial-scale plant recycle metal IFR fuel but it would
also recycle spent oxide fuel from light water reactors, the so-called “nuclear waste” that is often
mischaracterized as a “million-year problem”. Fortuitously, that same pyroprocessing technology
can also recycle the spent fuel from molten salt reactors. It is, in effect, a one-size-fits-all nuclear fuel
recycling solution. Now, four years after restarting that project, the design is essentially finished and
could be built in the near future, at a reasonable cost, demonstrating a solution to the nuclear waste
problem and enabling both IFRs and molten salt reactors to be built in the knowledge that their spent
fuel will be efficiently recycled.
6. Conclusions
To displace fossil fuels and achieve deep global greenhouse-gas reductions, the quest for a
diversified “energy mix” is probably unnecessary and suboptimal. Certainly, energy use in the
industrial age to date has been dominated by only a few convenient carbon-rich forms—coal,
oil and gas. In this viewpoint, we have argued that the technology already exists to deliver a
completely decarbonized, energy-rich and sustainable civilization, via the extensive deployment
of next-generation nuclear power systems and associated equipment for synthesizing liquid fuels and
recycling waste. Importantly, this transition could be achieved without a major shift in the way our
modern economy functions and certainly without a large-scale regression in energy use or reliance on
future breakthroughs such as cheap and high-capacity energy-storage (a critical necessity if non-hydro
renewables are to have any prospect of providing a large-scale alternative to fossil fuels). A “natural gas
economy”, often touted as the bridge from coal to future renewables, does not solve the entrenched
environmental and supply problems that 21st-century civilization must seek to remedy and has limited
value as a “transitional fuel” because of its climate-forcing impact. Given the urgent time frame and
massive extent of the energy-replacement challenge [8], half-measures that distract from, or stymie,
effective policy and infrastructure investment, must be avoided.
Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/10/2/302/
s1.
Acknowledgments: This research was funded by Australian Research Council grant FL160100101 to Barry W. Brook
and DP130103261 to Tom M.L. Wigley.
Author Contributions: B.W.B., T.B. and T.M.L.W. conceived and designed the study; all authors were involved
with data analysis and writing of the paper.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. World Energy Council (WEC). Energy Trilemma Index Tool. Available online: https://trilemma.worldenergy.org/
(accessed on 15 February 2017).
2. Verbruggen, A. Renewable and nuclear power: A common future? Energy Policy 2008, 36, 4036–4047.
[CrossRef]
3. Hoffert, M.I.; Caldeira, K.; Benford, G.; Criswell, D.R.; Green, C.; Herzog, H.; Jain, A.K.; Kheshgi, H.S.;
Lackner, K.S.; Lewis, J.S.; et al. Advanced technology paths to global climate stability: Energy for a
greenhouse planet. Science 2002, 298, 981–987. [CrossRef] [PubMed]
4. Clarke, L.; Edmonds, J.; Jacoby, J.; Pitcher, H.; Reilly, J.; Richels, R.; Parson, E.; Burkett, V.; Fisher-Vanden, K.;
Keith, D.; et al. Scenarios of Greenhouse Gas Emissions and Atmospheric Concentrations; Department of Energy,
Office of Biological & Environmental Research: Washington, DC, USA, 2007.
5. Energy Information Administration (EIA). International Energy Outlook 2016; Energy Information
Administration: Washington, DC, USA, 2016.
6. International Energy Agency (IEA). World Energy Outlook 2016; International Energy Agency: Paris, France, 2016.
7. Sims, R.E.H.; Schock, R.N.; Adegbululgbe, A.; Fenhann, J.; Konstantinaviciute, I.; Moomaw, W.; Nimir, H.B.;
Schlamadinger, B. IPCC Fourth Assessment Report: Climate Change 2007 (AR4)—Climate Change 2007: Working
Sustainability 2018, 10, 302 10 of 14
Group III: Mitigation of Climate Change; Intergovernmental Panel on Climate Change: Cambridge, UK;
New York, NY, USA, 2007.
8. Pielke, R., Jr.; Wigley, T.M.L.; Green, C. Dangerous assumptions. Nature 2008, 452, 531–532. [CrossRef]
[PubMed]
9. Brook, B.W.; Blomqvist, L. Innovations and limits in methods of forecasting global environmental change.
Basic Appl. Ecol. 2016, 17, 565–575. [CrossRef]
10. Hong, S.; Bradshaw, C.J.A.; Brook, B.W. Nuclear power can reduce emissions and maintain a strong economy:
Rating Australia’s optimal future electricity-generation mix by technologies and policies. Appl. Energy 2014,
136, 712–725. [CrossRef]
11. Greenpeace. Energy Evolution. 2012. Available online: https://www.greenpeace.org/international/Global/
international/publications/climate/2015/Energy-Revolution-2015-Full.pdf (accessed on 19 January 2018).
12. Jacobson, M.Z.; Delucchi, M.A. A path to sustainable energy by 2030. Sci. Am. 2009, 301, 58–65. [CrossRef]
[PubMed]
13. Jacobson, M.Z.; Delucchi, M.A.; Bauer, Z.A.F.; Goodman, S.C.; Chapman, W.E.; Cameron, M.A.; Bozonnat, C.;
Chobadi, L.; Clonts, H.A.; Enevoldsen, P.; et al. 100% clean and renewable wind, water, and sunlight all-sector
energy roadmaps for 139 countries of the world. Joule 2017, 1, 108–121. [CrossRef]
14. Zweibel, K.; Mason, J.; Fthenakis, V. A solar grand plan. Sci. Am. 2008, 298, 64–73. [CrossRef] [PubMed]
15. Hayden, H. The Solar Fraud; Vales Lake: Pueblo West, CO, USA, 2004.
16. Elliston, B.; Diesendorf, M.; MacGill, I. Simulations of scenarios with 100% renewable electricity in the
Australian National Electricity Market. Energy Policy 2012, 45, 606–613. [CrossRef]
17. MacKay, D.J.C. Sustainable energy—Without the hot air. Am. J. Phys. 2010, 78, 222–223.
18. Smil, V. Energy Transitions: History, Requirements, Prospects; Praeger: Toronto, AB, Canada, 2010.
19. Smil, V. Energy Myths and Realities: Bringing Science to the Energy Policy Debate; Government Institutes:
Washington, DC, USA, 2010.
20. Jacobson, M.Z.; Delucchi, M.A.; Bazouin, G.; Bauer, Z.A.F.; Heavey, C.C.; Fisher, E.; Morris, S.B.;
Piekutowski, D.J.Y.; Vencill, T.A.; Yeskoo, T.W. 100% clean and renewable wind, water, and sunlight (WWS)
all-sector energy roadmaps for the 50 United States. Energy Environ. Sci. 2015, 8, 2093–2117. [CrossRef]
21. MacDonald, A.E.; Clack, C.T.M.; Alexander, A.; Dunbar, A.; Wilczak, J.; Xie, Y. Future cost-competitive
electricity systems and their impact on US CO2 emissions. Nat. Clim. Chang. 2016, 6, 526–531. [CrossRef]
22. Smith, S.J.; Edmonds, J.; Hartin, C.A.; Mundra, A.; Calvin, K. Near-term acceleration in the rate of
temperature change. Nat. Clim. Chang. 2015, 5, 333–336. [CrossRef]
23. Bistline, J.E.; Blanford, G.J. More than one arrow in the quiver: Why “100% renewables” misses the mark.
Proc. Natl. Acad. Sci. USA 2016, 113, E3988. [CrossRef] [PubMed]
24. Heard, B.P.; Brook, B.W.; Wigley, T.M.L.; Bradshaw, C.J.A. Burden of proof: A comprehensive review of the
feasibility of 100% renewable-electricity systems. Renew. Sustain. Energy Rev. 2017, 76, 1122–1133. [CrossRef]
25. Hansen, J.; Kharecha, P.; Sato, M.; Masson-Delmotte, V.; Ackerman, F.; Beerling, D.J.; Hearty, P.J.;
Hoegh-Guldberg, O.; Hsu, S.-L.; Parmesan, C.; et al. Assessing “dangerous climate change”: Required
reduction of carbon emissions to protect young people, future generations and nature. PLoS ONE 2013, 8,
e81648. [CrossRef] [PubMed]
26. Rittel, H.W.J.; Webber, M.M. Dilemmas in a general theory of planning. Policy Sci. 1973, 4, 155–169. [CrossRef]
27. Trembath, A.; Pielke, R., Jr.; Nordhaus, T.; Caine, M.; Moss, T.; Sarewitz, D.; Shellenberger, M.; Lloyd, J.;
Roy, J.; Margonelli, L.; et al. Our High-Energy Planet: A Climate Pragmatism Project. Available online: https:
//thebreakthrough.org/index.php/programs/energy-and-climate/our-high-energy-planet (accessed on
27 November 2017).
28. Kriegler, E.; Luderer, G.; Rogelj, J.; Riahi, K.; Schaeffer, M.; Pietzcker, R.C.; Krey, V. Energy system
transformations for limiting end-of-century warming to below 1.5 ◦C. Nat. Clim. Chang. 2015, 5, 519–527.
29. Prins, G.; Rayner, S. Time to ditch Kyoto. Nature 2007, 449, 973–975. [CrossRef] [PubMed]
30. Blees, T. Prescription for the Planet: The Painless Remedy for Our Energy & Environmental Crises; Booksurge:
Charleston, SC, USA, 2008.
31. Connolly, D.; Lund, H.; Mathiesen, B.V. Smart snergy Europe: The technical and economic impact of one
potential 100% renewable energy scenario for the European Union. Renew. Sustain. Energy Rev. 2016, 60,
1634–1653. [CrossRef]
Sustainability 2018, 10, 302 11 of 14
32. Delucchi, M.A.; Jacobson, M.Z. Providing all global energy with wind, water, and solar power, Part II:
Reliability, system and transmission costs, and policies. Energy Policy 2011, 39, 1170–1190. [CrossRef]
33. Jacobson, M.Z.; Delucchi, M.A. Providing all global energy with wind, water, and solar power, Part I:
Technologies, energy resources, quantities and areas of infrastructure, and materials. Energy Policy 2011, 39,
1154–1169. [CrossRef]
34. Ekins, P.; Anandarajah, G.; Strachan, N. Towards a low-carbon economy: Scenarios and policies for the UK.
Clim. Policy 2011, 11, 865–882. [CrossRef]
35. Breyer, C.; Bogdanov, D.; Komoto, K.; Ehara, T.; Song, J.; Enebish, N. North-East Asian super grid: Renewable
energy mix and economics. Jpn. J. Appl. Phys. 2015, 54, 08KJ01. [CrossRef]
36. Beyond Zero Emissions. Zero Carbon Australia Stationary Energy Plan; Beyond Zero Emissions:
Melbourne, Australia, 2010.
37. Jacobson, M.Z.; Delucchi, M.A.; Cameron, M.A.; Frew, B.A. Low-cost solution to the grid reliability problem
with 100% penetration of intermittent wind, water, and solar for all purposes. Proc. Natl. Acad. Sci. USA
2015, 112, 15060–15065. [CrossRef] [PubMed]
38. Frew, B.A.; Becker, S.; Dvorak, M.J.; Andresen, G.B.; Jacobson, M.Z. Flexibility mechanisms and pathways to
a highly renewable US electricity future. Energy 2016, 101, 65–78. [CrossRef]
39. Murakami, K.; Ida, T.; Tanaka, M.; Friedman, L. Consumers’ willingness to pay for renewable and nuclear
energy: A comparative analysis between the US and Japan. Energy Econ. 2015, 50, 178–189. [CrossRef]
40. Nicholson, M.; Biegler, T.; Brook, B.W. How carbon pricing changes the relative competitiveness of
low-carbon baseload generating technologies. Energy 2011, 36, 305–313. [CrossRef]
41. Australia Energy Market Operator (AEMO); Manitoba HVDC Research Centre. Report for Review of the Black
System South Australia Report; Australia Energy Market Operator: Melbourne, Australia, 2017.
42. Trainer, T. Can renewables etc. solve the greenhouse problem? The negative case. Energy Policy 2010, 38,
4107–4114. [CrossRef]
43. Hong, S.; Brook, B.W. A nuclear-to-gas transition in South Korea: Is it environmentally friendly or
economically viable? Energy Policy 2018, 112, 67–73. [CrossRef]
44. Steinke, F.; Wolfrum, P.; Hoffmann, C. Grid vs. storage in a 100% renewable Europe. Renew. Energy 2013, 50,
826–832. [CrossRef]
45. Haegel, N.M.; Margolis, R.; Buonassisi, T.; Feldman, D.; Froitzheim, A.; Garabedian, R.; Green, M.; Glunz, S.;
Henning, H.-M.; Holder, B.; et al. Terawatt-scale photovoltaics: Trajectories and challenges. Science 2017, 356,
141–143. [CrossRef] [PubMed]
46. Luo, X.; Wang, J.; Dooner, M.; Clarke, J. Overview of current development in electrical energy storage
technologies and the application potential in power system operation. Appl. Energy 2015, 137, 511–536.
[CrossRef]
47. Hohmeyer, O.H.; Bohm, S. Trends toward 100% renewable electricity supply in Germany and Europe:
A paradigm shift in energy policies. WIREs Energy Environ. 2015, 4, 74–97. [CrossRef]
48. Purvins, A.; Papaioannou, I.T.; Debarberis, L. Application of battery-based storage systems in household-
demand smoothening in electricity-distribution grids. Energy Convers. Manag. 2013, 65, 272–284. [CrossRef]
49. Tesla. Powerwall|The Tesla Home Battery. Available online: https://www.teslamotors.com/en_GB/
powerwall (accessed on 20 November 2017).
50. Truong, C.N.; Naumann, M.; Karl, R.C.; Müller, M.; Jossen, A.; Hesse, H.C. Economics of Residential
Photovoltaic Battery Systems in Germany: The Case of Tesla’s Powerwall. Batteries 2016, 2, 14. [CrossRef]
51. Bradbury, K.; Pratson, L.; Patiño-Echeverri, D. Economic viability of energy storage systems based on price
arbitrage potential in real-time U.S. electricity markets. Appl. Energy 2014, 114, 512–519. [CrossRef]
52. Wilson, I.A.G.; Rennie, A.J.R.; Ding, Y.; Eames, P.C.; Hall, P.J.; Kelly, N.J. Historical daily gas and electrical
energy flows through Great Britain’s transmission networks and the decarbonisation of domestic heat.
Energy Policy 2013, 61, 301–305. [CrossRef]
53. Kong, Z.; Dong, X.; Zhou, Z. Seasonal imbalances in natural gas imports in major Northeast Asian countries:
Variations, reasons, outlooks and countermeasures. Sustainability 2015, 7, 1690–1711. [CrossRef]
54. Cochran, J.; Mai, T.; Bazilian, M. Meta-analysis of high penetration renewable energy scenarios.
Renew. Sustain. Energy Rev. 2014, 29, 246–253. [CrossRef]
55. Baek, J. Do nuclear and renewable energy improve the environment? Empirical evidence from the
United States. Ecol. Indic. 2016, 66, 352–356. [CrossRef]
Sustainability 2018, 10, 302 12 of 14
56. Renn, O.; Marshall, J.P. Coal, nuclear and renewable energy policies in Germany: From the 1950s to the
“Energiewende”. Energy Policy 2016, 99, 224–232. [CrossRef]
57. Brook, B.W. Could nuclear fission energy, etc., solve the greenhouse problem? The affirmative case.
Energy Policy 2012, 42, 4–8. [CrossRef]
58. Alonso, A.; Brook, B.W.; Meneley, D.A.; Misak, J.; Blees, T.; van Erp, J.B. Why nuclear energy is essential to
reduce anthropogenic greenhouse gas emission rates. EPJ Nucl. Sci. Technol. 2015, 1, 3. [CrossRef]
59. Brook, B.W.; van Erp, J.B.; Meneley, D.A.; Blees, T.A. The case for a near-term commercial demonstration of
the Integral Fast Reactor. Sustain. Mater. Technol. 2015, 3, 2–6. [CrossRef]
60. Till, C.E.; Chang, Y.I. Plentiful Energy: The Story of the Integral Fast Reactor; CreateSpace Independent
Publishing Platform: Idaho Falls, ID, USA, 2011; p. 404.
61. Bird, D.K.; Haynes, K.; van den Honert, R.; McAneney, J.; Poortinga, W. Nuclear power in Australia:
A comparative analysis of public opinion regarding climate change and the Fukushima disaster. Energy
Policy 2014, 65, 644–653. [CrossRef]
62. Hannum, W.H. The technology of the integral fast reactor and its associated fuel cycle. Prog. Nucl. Energy
1997, 31.
63. Clinton, W.J. U.S. President: 1993 State of the Union Address; Addressed before a Joint Session of Congress
on Administration Goals; Washington, DC, USA, 1993. Available online: http://www.presidency.ucsb.edu/
ws/?pid=47232 (accessed on 24 January 2018).
64. GIF. GIF Portal. Available online: https://www.gen-4.org/gif/jcms/c_9492/members (accessed on
20 November 2017).
65. Lynas, M. The God Species: How the Planet Can Survive the Age of Humans; Fourth Estate: London, UK, 2011.
66. Lightfoot, H.D.; Manheimer, W.; Meneley, D.A.; Pendergast, D.; Stanford, G.S. Nuclear fission fuel is
inexhaustible. In Proceedings of the EIC Climate Change Technology, Ottawa, ON, Canada, 10–12 May 2006;
pp. 1–8.
67. Shuster, J.; Archambeau, C.; Blees, T.; Chang, T.; Hunter, R.; Ware, R.; Wooley, J. Economic and Business
Case for the Pyroprocessing of Spent Nuclear Fuel (Snf): 100 Ton/Yr Pyroprocessing Demonstration Plant.
Available online: http://www.thesciencecouncil.com/index.php/latest-news/243-economicbusiness-case-
for-the-pyroprocessing-of-spent-nuclear-fuel (accessed on 20 January 2018).
68. IAEA Office of External Relations and Policy Coordination. Multilateral Approaches to the Nuclear Fuel
Cycle: Preliminary Views of the IAEA Secretariat for the Proposed Study. Available online: https://www.
iaea.org/sites/default/files/preliminaryviews.pdf (accessed on 12 January 2018).
69. World Nuclear Association (WNA). Fukushima Accident—World Nuclear Association. Available online:
http://www.world-nuclear.org/information-library/safety-and-security/safety-of-plants/fukushima-
accident.aspx (accessed on 28 November 2017).
70. World Health Organization (WHO). Health Risk Assessment: From the Nuclear Accident after the 2011 Great
East Japan Earthquake and Tsunami: Based on a Preliminary Dose Estimation; 92-4-150513-3; World Health
Organization: Geneva, Switzerland, 2013.
71. World Nuclear Association (WNA). Fast Neutron Reactors. Available online: http://www.world-
nuclear.org/information-library/current-and-future-generation/fast-neutron-reactors.aspx (accessed on
15 November 2017).
72. International Atomic Energy Agency (IAEA); International Working Group on Fast Reactors. Technical
Committee Meeting on Evaluation of Radioactive Materials Release and Sodium Fires in Fast Reactors; IAEA:
Vienna, Austria, 1996.
73. Koomey, J.; Hultman, N.E. A reactor-level analysis of busbar costs for US nuclear plants, 1970–2005.
Energy Policy 2007, 35, 5630–5642. [CrossRef]
74. Rangel, L.E.; Leveque, F. Revisiting the cost escalation curse of nuclear power: New lessons from the french
experience. Econ. Energy Environ. Policy 2015, 4. [CrossRef]
75. Lovering, J.R.; Yip, A.; Nordhaus, T. Historical construction costs of global nuclear power reactors.
Energy Policy 2016, 91, 371–382. [CrossRef]
76. GE Hitachi Nuclear Energy. GE Hitachi PRISM|The future of nuclear energy. Available online: http:
//gehitachiprism.com/ (accessed on 27 November 2017).
77. Triplett, B.S.; Loewen, E.P.; Dooies, B.J. PRISM: A competitive small modular sodium-cooled reactor.
Nucl. Technol. 2012, 178, 186–200. [CrossRef]
Sustainability 2018, 10, 302 13 of 14
78. Dubberley, A.E.; Boardman, C.E.; Carroll, D.G.; Ehrman, C.; Walter, C.E. S-PRISM Fuel Cycle Study; ICAPP:
Cordoba, Spain, 2003; pp. 4–7.
79. Boldon, L.M.; Sabharwall, P. Small Modular Reactor: First-of-a-Kind (FOAK) and Nth-of-a-Kind (NOAK) Economic
Analysis; Idaho National Lab.(INL): Idaho Falls, ID, USA, 2014.
80. Hong, S.; Qvist, S.; Brook, B.W. Economic and environmental costs of replacing nuclear fission with solar
and wind energy in Sweden. Energy Policy 2018, 112, 56–66. [CrossRef]
81. Qvist, S.A.; Brook, B.W. Environmental and health impacts of a policy to phase out nuclear power in Sweden.
Energy Policy 2015, 84, 1–10. [CrossRef]
82. Parker, D.T. Building Victory: Aircraft Manufacturing in the Los Angeles Area in World War II; Cypress:
Los Angeles, CA, USA, 2013.
83. Orhan, M.F.; Dincer, I.; Naterer, G.F.; Rosen, M.A. Coupling of copper–chloride hybrid thermochemical water
splitting cycle with a desalination plant for hydrogen production from nuclear energy. Int. J. Hydrogen Energy
2010, 35, 1560–1574. [CrossRef]
84. Gaede, J.; Meadowcroft, J. Carbon Capture and Storage Demonstration and Low-Carbon Energy Transitions:
Explaining Limited Progress. In The Palgrave Handbook of the International Political Economy of Energy;
Graaf, T.V.D., Sovacool, B.K., Ghosh, A., Kern, F., Klare, M.T., Eds.; Palgrave Macmillan: Basingstoke, UK,
2016; pp. 319–340.
85. Eerkens, J.W. The Nuclear Imperative; Springer: New York, NY, USA, 2010.
86. Forsberg, C.W. Nuclear energy for a low-carbon-dioxide-emission transportation system with liquid fuels.
Nucl. Technol. 2008, 164, 348–367. [CrossRef]
87. Demirbas, A. Energy from boron and non-nuclear metallic fuels. Energy Sources Part A 2008, 30, 1108–1113.
[CrossRef]
88. Li, Y.; Cao, H.; Wang, S.; Jin, Y.; Li, D.; Wang, X.; Ding, Y. Load shifting of nuclear power plants using
cryogenic energy storage technology. Appl. Energy 2014, 113, 1710–1716. [CrossRef]
89. Shannon, M.A.; Bohn, P.W.; Elimelech, M.; Georgiadis, J.G.; Mariñas, B.J.; Mayes, A.M. Science and
technology for water purification in the coming decades. Nature 2008, 452, 301–310. [CrossRef] [PubMed]
90. Gerland, P.; Raftery, A.E.; Ševcˇíková, H.; Li, N.; Gu, D.; Spoorenberg, T.; Alkema, L.; Fosdick, B.K.; Chunn, J.;
Lalic, N.; et al. World population stabilization unlikely this century. Science 2014, 346, 234–237. [CrossRef]
[PubMed]
91. Raftery, A.E.; Li, N.; Ševcˇíková, H.; Gerland, P.; Heilig, G.K. Bayesian probabilistic population projections for
all countries. Proc. Natl. Acad. Sci. USA 2012, 109, 13915–13921. [CrossRef] [PubMed]
92. Water Technology. Ras Al Khair Desalination Plant, Saudi Arabia. Available online: http://www.water-
technology.net/projects/-ras-al-khair-desalination-plant/ (accessed on 8 January 2018).
93. Ziolkowska, J.R. Is Desalination Affordable?—Regional Cost and Price Analysis. Water Resour. Manag. 2015,
29, 1385–1397. [CrossRef]
94. Mountouris, A.; Voutsas, E.; Tassios, D. Solid waste plasma gasification: Equilibrium model development
and exergy analysis. Energy Convers. Manag. 2006, 47, 1723–1737. [CrossRef]
95. Buttler, A.; Dinkel, F.; Franz, S.; Spliethoff, H. Variability of wind and solar power—An assessment of the
current situation in the European Union based on the year 2014. Energy 2016, 106, 147–161. [CrossRef]
96. Trembath, A.; Jenkins, J. Gas Boom Poses Challenges for Renewables and Nuclear. Available online:
http://thebreakthrough.org/archive/gas_boom_poses_challenges_for (accessed on 20 November 2017).
97. Moniz, E.J.; Jacoby, H.D.; Meggs, A.J.M.; Armtrong, R.C.; Cohn, D.R.; Connors, S.R.; Deutch, J.M.; Ejaz, Q.J.;
Hezir, J.S.; Kaufman, G.M. The Future of Natural Gas; Cambridge MA Massachusetts Institute Technology:
Cambridge, MA, USA, 2011.
98. De Gouw, J.A.; Parrish, D.D.; Frost, G.J.; Trainer, M. Reduced emissions of CO2, NOx, and SO2 from U.S.
power plants owing to switch from coal to natural gas with combined cycle technology. Earth’s Future 2014,
2, 75–82. [CrossRef]
99. International Energy Agency (IEA). Energy Technology Perspectives 2017; IEA: Paris, France, 2017.
100. Van den Broek, M.; Berghout, N.; Rubin, E.S. The potential of renewables versus natural gas with CO2
capture and storage for power generation under CO2 constraints. Renew. Sustain. Energy Rev. 2015, 49,
1296–1322. [CrossRef]
101. Wigley, T.M.L. Coal to gas: The influence of methane leakage. Clim. Chang. 2011, 108, 601–608. [CrossRef]
Sustainability 2018, 10, 302 14 of 14
102. Birol, F.; Besson, C. World Energy Outlook 2012-Special Report-Golden Rules for a Golden Age of Gas, World Energy
Outlook Special Report on Unconventional Gas; International Energy Agency: Paris, France, 2012; p. 12.
103. Hughes, J.D. Energy: A reality check on the shale revolution. Nature 2013, 494, 307–308. [CrossRef] [PubMed]
104. Kerr, R.A. Technology is turning U.S. oil around but not the world’s. Science 2012, 335, 522–523. [CrossRef]
[PubMed]
105. Alvarez, R.A.; Pacala, S.W.; Winebrake, J.J.; Chameides, W.L.; Hamburg, S.P. Greater focus needed on
methane leakage from natural gas infrastructure. Proc. Natl. Acad. Sci. USA 2012, 109, 6435–6440. [CrossRef]
[PubMed]
106. Wigley, T.M.L.; Clarke, L.E.; Edmonds, J.A.; Jacoby, H.D.; Paltsev, S.; Pitcher, H.; Reilly, J.M.; Richels, R.;
Sarofim, M.C.; Smith, S.J. Uncertainties in climate stabilization. Clim. Chang. 2009, 97, 85–121. [CrossRef]
107. Myhrvold, N.P.; Caldeira, K. Greenhouse gases, climate change and the transition from coal to low-carbon
electricity. Environ. Res. Lett. 2012, 7, 014019. [CrossRef]
108. Haubenreich, P.N.; Engel, J. Experience with the molten-salt reactor experiment. Nucl. Appl. Technol. 1970, 8,
118–136. [CrossRef]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
